Abstract Neuroinvasion of the enteric nervous system by prions is an important step in dissemination to the brain, yet very little is known about the basic process of enteric neuroinvasion. Using an alimentary model of neonatal disease transmission, neuroinvasion by scrapie prions in the ileum of lambs was detected by immunohistochemical staining for the disease-associated form of the prion protein, PrP Sc . Odds ratios (OR) were determined for the frequency of PrP Sc staining within enteric somata categorized by plexus location (myenteric, submucosal) and neurochemical staining (PGP 9.5, neural nitric oxide synthase, somatostatin, substance P, and vasoactive intestinal polypeptide). PrP Sc was observed in 4.48 § 4.26% of myenteric neurons and 2.57 § 1.82% of submucosal neurons in Wve lambs aged 208-226 days but not in a lamb aged 138 days. The relative frequency of PrP Sc within enteric somata was interdependent on plexus location and neurochemical type. Interestingly, PrP Sc was observed more frequently within myenteric neurons than in submucosal neurons (PGP 9.5; OR = 1.72, 95% conWdence interval = 1.21-2.44), and was observed within the myenteric plexus approximately 4£ (2.16-6.94) more frequently in somatostatin neurons than in the general neural population stained by PGP 9.5. Nerve Wbers stained for somatostatin were present in the mucosa and near PrP Sc staining within Peyer's patches. The results suggest that somatostatin-expressing enteric neurons, with Wber projections near Peyer's patches, but with somata present in greatest proportion within the myenteric plexus, are an early target for neuroinvasion by scrapie prions and could serve an important role in neural dissemination.
Introduction
Prion diseases--or transmissible spongiform encephalopathies (TSEs)--are a group of slowly progressive, fatal neurologic diseases caused by unconventional agents called prions [39] . Although some debate persists regarding the exact nature of prions, disease is critically associated with the conversion of cellular host prion protein (PrP c ) to TSEassociated isoforms (PrP TSE ) [7, 38] . Natural prion disease occurs in humans (Creutzfeldt-Jakob disease and others) and in several types of animals signiWcant to agriculture (scrapie of sheep and goats and bovine spongiform encephalopathy of domestic cattle) and to wildlife management (chronic wasting disease of deer and elk).
Disease transmission commonly occurs via the alimentary tract but speciWc knowledge about how prions disseminate from the gut to the brain is incomplete (see reviews by Mabbot and MacPherson [28] and by Beekes and McBride [5] ). Neuroinvasion occurs in the periphery and results in dissemination to the brain via autonomic nerves; in particular, parasympathetic and sympathetic eVerent nerves projecting to the gut are thought to be common pathways.
However, the gut is most extensively innervated by a third division of the autonomic nervous system, the enteric nervous system (see reviews by Brookes and Costa [6] , and Furness [15] ). It is estimated in sheep that the small intestine alone contains more than 30 million myenteric and 50 million submucosal neurons, a total population that rivals that in the spinal cord [16] .
The enteric nervous system is a functionally complete, ganglionated nerve network that is organized into a myenteric plexus and a submucosal plexus, out of which all layers of the gut wall are innervated. With some variation amongst species, there is a division of labor such that most neurons which control gut motility are located within the myenteric plexus, and most neurons which control mucosal blood Xow and secretion are located within the submucosal plexus. Coordination is achieved through inter-plexus enteric projections, extrinsic autonomic projections, and viscerofugal projections from the enteric nervous system to prevertebral ganglia.
The enteric nervous system includes many diVerent neuron classes, which have been classiWed not only by plexus location and region of the alimentary tract, but also by somato-dendritic morphology, electrophysiology, neurochemistry, Wber projection, and physiologic action on a target tissue. Major functional classes of enteric neuron include intrinsic primary aVerent neurons and several types each of interneurons, smooth muscle motor neurons, secretomotor neurons, and vasomotor neurons. Though not fully characterized, even local gut immune function is modulated by the enteric nervous system, in part through peptidergic innervation of Peyer's patches [50] . The enteric nervous system is thus a complex neural system that is intimately associated with all layers of the gut, including the mucosal layer through which prions gain entry into the host, and Peyer's patches in which prion replication occurs early in disease progression.
Given that extrinsic autonomic nerves synapse with enteric neurons [15] , that enteric neurons express PrP c [40] and innervate all layers of the gut, and that scrapie-associated prion protein (PrP Sc ) is Wrst detected in sheep within the enteric nervous system [3, 19, 46] , it is hypothesized that neuroinvasion of the enteric nervous system is important for the dissemination of scrapie prions to the brain via autonomic nerves.
Many observations suggest that neurons projecting into sites of prion replication (Peyer's patches) should be targets for invasion by prions [5, 28] , but a more diverse group of neurons (with projections into the mucosa or around vessels) may be exposed immediately following uptake of prions from the gut lumen [25] . The purpose of this study was to identify enteric neural targets of scrapie prions early in disease progression in a natural disease model in lambs. The results demonstrate that following neonatal alimentary disease transmission, frequency of PrP Sc detection within ileal enteric neurons is disproportionately greater for myenteric neurons expressing the peptide transmitter, somatostatin. The identiWcation of enteric neural targets of scrapie prions early in disease progression contributes signiWcantly in understanding the factors involved in peripheral neuroinvasion and neural dissemination of prions.
Materials and methods

Oral inoculation model
All animal experiments were approved by the Washington State University Institutional Animal Care and Use Committee. The study included seven Montadale or MontadaleXSuVolk lambs born to Montadale ewes. All lambs were VRQ/VRQ (see "Genotyping" section below), and on the day of birth were fed half a cotyledon from a placenta shed previously from an unrelated ARQ/VRQ ewe clinically aVected with scrapie and with staining for PrP Sc in sections of medulla at the level of the obex. Cotyledons were stored at ¡20°C until used.
Peripheral prion replication in lambs was assessed antemortem by third eyelid [31] or rectal [13, 18] biopsy obtained at 4-6 months of age. Lambs were humanely euthanized at about 7 months of age by intravenous injection of sodium pentobarbital (Fatal-Plus; Vortech Pharmaceuticals, Dearborn, MI). Tissues collected immediately postmortem included medulla, thoracolumbar spinal cord, celiacomesenteric ganglia, ileocecal lymph node, ileocecal junction, and a 30 cm length of ileum ending within »3 cm of the ileocecal junction. All tissues were Wxed by immersion in 10% neutral-buVered formalin; the ileum was also gently distended with formalin. Sc ligand immobilized on the surface of the CWD-antigen capture plate and monoclonal antibodies that recognize the ovine PrP protein. BrieXy, 300 mg of cotyledon was homogenized twice in a FastPrep instrument (Qbiogene, Carlsbad, CA) for 30 s each at maximum speed (6.5 m/s) in a disruption tube containing ceramic beads and 0.9 mL of distilled, deionized water. The ELISA was then conducted according to the manufacturer's protocols. Interpretation of samples analyzed by ELISA was performed by comparing the A 450 of the cotyledon samples with that of negative-and positive-control samples supplied with the kit (reference wavelength = 620 nm). Samples were considered positive if the mean A 450 values were greater than or equal to the cutoV value as calculated by the test manufacturer.
Genotyping
Immunohistochemistry (IHC)
All formalin-Wxed tissues were placed in cassettes, incubated for 60 min in 98% formic acid, washed extensively in distilled water, and re-equilibrated in formalin for 24 h, prior to paraYn embedding. Thin (3-5 m) paraYn sections were mounted on Superfrost Plus slides, air dried overnight, and then baked at 57°C for 100 min. IHC staining was carried out using a BenchMark automated processor (Ventana Medical Systems, Tucson, AZ) with modiWcations to the technique previously described [31, 43] . Antigen retrieval was achieved by 60-90 min heated incubation in CC1 buVer (Ventana Medical Systems). Scrapie-associated prion protein (PrP Sc ) was detected using a cocktail of well-characterized monoclonal antibodies (F89/160.1.5 and F99/97.6.1; Table 1 ) applied for 32 min at 37°C. Evaluation of PrP Sc dissemination was determined using Basic AEC Detection Kit (760-020; Ventana Medical Systems). Slides were then counterstained using Bluing Reagent and Hematoxylin kits (Ventana Medical Systems) and coverslipped in aqueous mounting media (S3025; Dako, Carpinteria, CA). In dual Xuorescence labeling studies, an antibody directed toward a neurochemical of interest (Table 1) was included in the cocktail of anti-PrP Sc primary antibodies. Relevant combinations of Xuorescently-labeled secondary antibodies were applied for 20 min at 37°C (Table 2 ). Fluorescently labeled slides were coverslipped using Prolong Gold antifade reagent (P36930; Molecular Probes, Eugene, OR).
Using these techniques, PrP Sc staining could be detected in the obex, lymph nodes, and ileum from a clinically aVected ewe but not from an unexposed, clinically normal ewe. IHC staining for all neural and glial marker antibodies was dependent upon inclusion of the primary antibody and an appropriate Xuorophore-conjugated secondary antibody. ) somata compared to colocalization in the total neural population (PGP + ) was determined for each animal by Fisher's exact testing. The null hypothesis of random detection of PrP Sc amongst neurochemically-deWned enteric neurons was assessed by conditional logistic regression using a generalized linear mixed model, the GLIMMIX procedure (rel. June 2006; SAS Institute), and the Wxed eVects of plexus location, neurochemical type, and the interaction of these two eVects. The regression was conditioned by including the random eVect of subjects (lambs) and adjusted for overdispersion by including the random eVect of residuals. Holm-adjusted P values (P adj ) were produced using the method of Bonferroni in logical step-down fashion [23] . Odds ratios (ORs) and corresponding upper and lower CL adj s are the exponentiation of the least squares means parameter and CL adj s estimates, respectively. Least squares means parameter and Holm-adjusted 95% conWdence limit (CL adj ) estimates were produced for two "families" of posthoc comparisons of interest; family-wise error rate, = 0.05.
Results
Alimentary transmission and staging disease progression
Cotyledons randomly selected from the pool of cotyledons used for alimentary inoculation had PrP Sc staining by IHC and a PrP Sc ELISA titer between 1:64 and 1:256. Ewes giving birth to the lambs were not a likely source of PrP Sc since PrP Sc staining was neither detected by IHC in antemortem peripheral lymphoid tissues (third eyelid and rectal mucosa) and postmortem obex, nor by IHC and western blot in shed cotyledons randomly sampled at the birth of these lambs.
Tissues from a lamb euthanized before 2 weeks of age due to an unrelated illness were not collected. In the remaining six lambs, PrP Sc was detected antemortem in rectal mucosa-associated lymphoid tissue between 124-219 days of age, and in ileal Peyer's patches and ileocecal lymph node collected postmortem between 138-226 days of age (Fig. 1b, d , f; scrapienegative control tissues shown in Fig. 1a, c, e) . PrP Sc was not detected in the central nervous system (medulla and intermediolateral column of T8-L3 spinal cord segments) or celiacomesenteric ganglia (138-226 days of age), except in one lamb (226 days of age) in which sparse punctate staining in celiacomesenteric ganglia appeared to be located mostly in satellite cells (Fig. 2a-d) . PrP Sc was detected in the enteric nervous system of the ileum in Wve lambs aged 208-226 days, but not in a lamb aged 138 days (examples shown in Fig. 3 ). The appearance of PrP Sc staining within enteric somata was generally punctate (Fig. 3d-f, Fig. 4a-c (Fig. 4d-f) .
Frequency of PrP Sc detection within deWned populations of enteric neurons
The occurrence of PrP Sc in PGP + somata was tallied for a total of 10,841 myenteric neurons and 19,495 submucosal neurons. The frequency of PrP Sc detection in PGP + somata ranged from 1.21 to 11.67% (mean and standard deviation: 4.48 § 4.26%) in myenteric neurons, and from 1.01 to 5.68% (2.57 § 1.82%) in submucosal neurons (n = 5 lambs). Frequencies of PrP Sc detection in enteric neurons deWned by plexus location and neurochemical type are shown for each lamb in Fig. 5 . The pattern of PrP Sc detection frequency amongst eight enteric neural subgroups relative to that in PGP + somata varied between lambs except for a consistently increased detection frequency in SOM + neurons of the myenteric plexus (Breslow-Day test for homogeneity: Chi-square = 1.7067, P = 0.7895).
The signiWcance and strength of the association of PrP Sc detection frequency with subpopulations of enteric neurons was measured by odds ratio estimates for somata deWned by plexus location and neurochemical type and analyzed by conditional logistic regression. The odds of PrP Sc detection were signiWcantly dependent upon plexus location (F = 4.66, P = 0.0376), neurochemical type (F = 20.59, P < 0.0001), and the interaction of these main eVects (F = 6.66, P = 0.0004). The detailed post-hoc analyses of this Wnding are summarized below and in Fig. 6 . PrP Sc was detected more frequently in the myenteric plexus versus the submucosal plexus (Fig. 6a) 
SOM
+ nerve Wbers in the ileum SOM + nerve Wbers were frequently observed projecting between mucosal epithelium and Peyer's patches with
PrP
Sc staining (Fig. 7 ). Similar to a previous description [49] , staining for SOM was also occasionally observed in "open-type" epithelial cells of the ileal mucosa (not shown).
Discussion
The process of neuroinvasion of the enteric nervous system by prions was studied in the ileum of sheep, the Wrst peripheral region in which neuroinvasion occurs in naturally acquired disease [3, 12, 47] . We determined that the relative frequency of PrP Sc staining, used as a surrogate marker [1, 26] for scrapie prions within enteric neurons, is dependent upon that neuron's plexus location and neurochemical type. In particular, SOM + myenteric neurons were identiWed as a consistent target for neuroinvasion early in disease progression. From the evidence, we postulate that a signiWcant subgroup of SOM + neurons innervate compartments of Peyer's patches where eYcient neuroinvasion is thought to occur, and represent an eYcient pathway for neural dissemination within the small intestine. We expect that prion invasion of neurons that do not convert PrP c into PrP Sc that is readily detectable by immunohistochemistry [4] , should they exist within the enteric nervous system, would be underrepresented in the present study.
Fig. 5 Frequency of detecting PrP
Sc staining within subpopulations of enteric neuron in the ileum of lambs early in disease progression following oral inoculation with scrapie prions at birth. Note the consistent increase in the frequency of PrP Sc detection within myenteric plexus SOM + neurons as compared to that in the general myenteric neuron population (-PGP-). Each bar color represents data from a lamb (lambs 1-5) at approximately 7 months of age. Frequency of PrP Sc detection is given as the percent (%, vertical axis) within each type of neuron per lamb. Abbreviations are deWned in Table 1 . Arrows indicate the direction of signiWcant diVerences (Fischer's exact test; P < 0.05) Table 1 SOM + enteric neurons are targets of peripheral neuroinvasion by scrapie prions There is consensus that transport of prions across gut epithelium and exposure of mucosal nerve Wbers are processes relevant to peripheral neuroinvasion and neural dissemination [5, 26, 28, 36, 47] . Considering that the greatest proportion of mucosa-projecting neurons typically occurs in the submucosal plexus of large mammalian species [44] , it is surprising that PrP Sc detection early in disease was most frequent in neurons located in the myenteric plexus (Fig. 6a, PGP) , and was relatively infrequent in a major type of submucosal neuron (Fig. 6c, VIP) . Further, PrP Sc detection in SOM + neurons of the myenteric plexus was very consistent and occurred at nearly 4£ greater frequency (Fig. 6b) . SOM + enteric neurons of the small intestine generally belong to one of two classes that diVer in function and projection: secretomotor neurons that project to the mucosal layer, and descending interneurons that synapse with other enteric neurons [6] . Determining the projections of SOM + enteric nerve Wbers in sheep is thus particularly germane to locating a compartment in which eYcient neuroinvasion occurs. Given the present data, it is conceivable that SOM + neurons targeted by scrapie prions are distributed in greatest proportion within myenteric ganglia but which, nevertheless, project to mucosal compartments in which eYcient neuroinvasion occurs early in disease progression.
Implications of SOM + secretomotor neurons targeted by prions
JeVrey et al. [25] observed, soon after the injection of infectious material into the lumen of the small intestine of lambs, that PrP Sc staining was widespread within mucosal villi. Mucosal villi are highly innervated by enteric neurons, including Wbers of secretomotor neurons, which travel close to the epithelium to aVect its function [21, 22, 41] . Fibers of numerous mucosa-projecting neurons, especially secretomotor neurons, are thus potentially exposed upon mucosal transportation of prion and prior to replication of prion within Peyer's patches.
In sheep, mucosal nerve Wbers include those that express VIP, SP, NOS [8, 27, 51] , and also SOM (Fig. 7) . Furthermore, the secretomotor action of VIP, SP, and SOM is typically preserved within large mammalian species [44] . Therefore, it is not surprising that PrP Sc was detected in each of these neurochemical types of submucosal neuron early in disease progression following alimentary transmission in sheep. That PrP Sc was detected as much as 4£ more frequently in SOM + neurons, however, may indicate that eYcient enteric neuroinvasion occurs in a mucosal compartment uniquely innervated by SOM + neurons. Evidence implicates such a compartment is associated with Peyer's patches.
Neuroinvasion occurring via nerve Wber projections to Peyer's patches is consistent with the typical detection of PrP Sc Wrst within Peyer's patches and then nearby ganglia, and with close associations between Wbers and PrP Sc -laden cells [3, 20] . Recent evidence in mice further demonstrates that eYcient neuroinvasion following alimentary transmission is dependent upon follicular dendritic cells [17] , a cell type Table 1 for abbreviations of neurochemical types. y-axis First column, x-axis log 10 associated with nerve Wbers in the interfollicular zone and dome of Peyer's patches [11] . Although SOM + Peyer's patch Wbers are yet to be conWrmed in mice [10, 48] , these have been observed in cats [14] , and now also in sheep (Fig. 7) . It is thus conceivable that in sheep, eYcient neuroinvasion near Peyer's patches is dependent upon proximity of SOM + nerve Wbers to PrP Sc -laden immune cells or exosomes [35, 37] .
Implications of SOM + descending interneurons targeted by prions
A subgroup of descending myenteric interneurons of the small intestine expresses SOM [6] . In the present study in sheep, prion targeting of SOM + descending interneurons would imply neuroinvasion early in disease occurred within ganglia, in contrast to that occurring outside of ganglia via nerve Wbers. Nerve endings of extrinsic nerves are unlikely to have been a signiWcant source of prion within enteric ganglia since PrP Sc was Wrst detected in enteric neurons. Prions might alternatively enter ganglia from a non-neural source, such as blood. However, if blood-borne prion were relevant to enteric neuroinvasion early in disease, then it would be reasonable to expect relatively higher frequency PrP Sc detection in vasomotor neurons. Vasomotor neurons have not been extensively studied in large mammalian species but probably include subgroups of VIP + and SP + neurons [44, 51] . The relative frequency of PrP Sc detection in VIP + and SP + neurons, however, was not increased in either plexus (Fig. 6b, c) . Therefore, simple prion entry from a non-neural source such as blood does not likely account for the higher frequency of PrP Sc detection within SOM + neurons. Regardless, detection of PrP Sc in SOM + descending interneurons early in disease progression has implications for neural dissemination. SOM + descending interneurons form a synaptic network that may descend the length of the small intestine--from duodenum to ileum, at least in guinea pigs [9, 33, 34, 42] . If this also occurs in sheep, then prion dissemination through SOM + descending interneurons might account for the observed oral spread of prion from the ileum to duodenum [3, 47] . Sc (as a surrogate marker for neuroinvasion by scrapie prions) in ileal enteric neurons was interdependent on the neuron's plexus location and neurochemical type. SpeciWcally, SOM + neurons, especially those located in the myenteric plexus, were found to be targets of neuroinvasion early in disease progression. These results are consistent with the hypothesis that eYcient neuroinvasion occurs near Peyer's patches in compartments innervated by SOM + neurons. In addition, neuroinvasion of SOM + enteric neurons early in disease progression could explain the neural dissemination observed within the small intestine of sheep with naturally acquired disease.
